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Abstract : Photosensitive films with photocurrent to dark current ratios of the order of 
1C)-5 have been prepared by doping (Cd-Zn)S with lanthanum The conditions for preparing such 
films arc described and results of rise and decay curves, excitation and transmission spectra, 
SEM and XRD studies arc presented Band gap values obtained fiom the two spectra are 
discussed in terms of the role of impurities and annealing effect eu Values ol trap depths, life 
time and mobility of charge carriers are determined
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1. Introduction
P h o t o c o n d u c t i v i t y  s t u d i e s  o f  s u l p h i d e  f i l m s  a r e  i m p o r t a n t  b e c a u s e  o f  t h e i r  t e c h n o l o g i c a l  
a p p l i c a t i o n s  i n  X e r o g r a p h y ,  P h o t o v o l t a i c  s o l a r  e n e r g y  c o n v e r s i o n  a n d  t h i n  f i l m  t r a n s i s t o r s  
<'h\ A  v a r i e t y  o f  m e t h o d s  l i k e  v a c u u m  e v a p o r a t i o n ,  s p r a y  p y r o l y s i s ,  s p u t t e r i n g ,  m o l e c u l a r  
b e a m  e p i t a x y  [ 1 ]  a n d  c h e m i c a l  d e p o s i t i o n  etc. [ 2 - 4 ]  h a v e  b e e n  u s e d  t o  p r e p a r e  s u c h  f i l m s .  
C h e m i c a l  d e p o s i t i o n  i s  o n e  o f  t h e  l o w  c o s t  t e c h n i q u e s .  R e c e n t l y ,  a t  l e a s t  a  t h o u s a n d - f o l d  
i m p r o v e m e n t  i n  t h e  O p t o - e l c c t r o n i c  c h a r a c t e r i s t i c s  o f  s o l a r  a s s i s t e d  c h e m i c a l l y  d e p o s i t e d  
f i l m s  h a v e  b e e n  r e p o r t e d  b y  N a i r  et al [ 3 , 5 ] .  A l s o ,  B h u s h a n  a n d  c o w o r k e r s  [ 4 , 6 - 8 ]  h a v e  
r e p o r t e d  m a n y  f o l d  i m p r o v e m e n t  i n  t h e  p h o t o c o n d u c t i v i t y  o f  C d S  b y  d o p i n g  w i t h  y t t r i u m ,  
l a n t h a n u m ,  d y s p r o s i u m ,  n e o d y m i u m  a n d  p r a s s e o d y m i u m .  T h e  p r e s e n t  p a p e r  r e p o r t s  t h e  
r e s u l t s  o f  p h o t o c o n d u c t i v i t y  s t u d i e s  o f  ( C d - Z n ) S  f i l m s  b y  d o p i n g  w i t h  l a n t h a n u m  p r e p a r e d  
b y  c h e m i c a l  d e p o s i t i o n  t e c h n i q u e .
Experimental
f o r  t h e  d e p o s i t i o n  o f  t h e  f i l m s ,  c o m m e r c i a l  q u a l i t y  m i c r o s c o p i c  g l a s s  s l i d e s  o f  d i m e n s i o n s  
2 4  m m  x  7 5  m m  w e r e  d i p p e d  i n  a  m i x t u r e  o f  s o l u t i o n s  o f  a p p r o p r i a t e  v o l u m e s  o f  I M
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c a d m i u m  a c e t a t e ,  z i n c  a c e t a t e ,  t h i o u r e a ,  t r i e t h a n o l a m i n e  a n d  3 0 %  a q u e o u s - a m m o n i a  ( a l l  
a n a l y t i c a l  r e a g e n t  g r a d e ) .  T h e  p H  v a l u e  o f  t h i s  m i x t u r e  w a s  a p p r o x i m a t e l y  i n  t h e  r a n g e  
1 0 - 1 1 .  F o r  p r e p a r i n g  t h e  d o p e d  f i l m s ,  c a l c u l a t e d  p r o p o r t i o n s  o f  0 . 0 1  M  s o l u t i o n s  o f  N a F  
a n d  l a n t h a n u m  n i t r a t e  w e r e  m i x e d  i n  t h e  o r i g i n a l  m i x t u r e  a n d  t h e n  t h e  d e p o s i t i o n s  w e r e  
m a d e .  T h e  d e p o s i t i o n s  w e r e  d o n e  a t  7 4 ° C  i n  a  ‘ T e m p o ’  c o n s t a n t  t e m p e r a t u r e  b a t h .  N o  
s t i r r i n g  w a s  d o n e  d u r i n g  t h e  p r o c e s s  o f  d e p o s i t i o n .  A f t e r  d e p o s i t i o n ,  t h e  f i l m s  w e r e  c l e a n e d  
b y  f l u s h i n g  w i t h  d i s t i l l e d  w a t e r  a n d  t h e n  d r i e d  b y  k e e p i n g  t h e  p l a t e s  i n  o p e n  a t m o s p h e r e  a t 
r o o m  t e m p e r a t u r e .  T h e  f i l m  t h i c k n e s s  o f  ( C d 0 7Z n o 3) S  w a s  m e a s u r e d  b y  w e i g h t  d i f f e r e n c e  
m e t h o d  a n d  w a s  f o u n d  t o  v a r y  f r o m  0 . 9 8 5  p m  t o  2 . 9 6 3  p m  f o r  d i p p i n g  t i m e s  b e t w e e n  
3 0  m i n  t o  1 . 5  h o u r s .
F o r  p h o t o c o n d u c t i v i t y  s t u d i e s ,  c o - p l a n a r  s i l v e r  p a i n t  e l e c t r o d e s  ( 2  m m  w i d e  a n d  
2 4  m m  l o n g )  w e r e  a t t a c h e d  t o  t h e  s u r f a c e  o f  t h e  f i l m s  a t  a  s e p a r a t i o n  o f  2  m m .  T h e  
e x c i t a t i o n  s o u r c e s  u s e d  f o r  r i s e  a n d  d e c a y  a n d  e x c i t a t i o n  s p e c t r a l  s t u d i e s  w e r e  c o m m e r c i a l  
i n c a n d e s c e n t  b u l b s  o f  1 0 0  W  a n d  1 K W  r e s p e c t i v e l y .  T h e  p h o t o c u r r e n t s  w e r e  r e c o r d e d  b y  a  
n a n o m e t e r  ( S c i e n t i f i c  E q u i p m e n t ,  R o o r k e e  N M  1 2 2 ) .  T h e  e x c i t a t i o n  s p e c t r a  w e r e  s t u d ie d  
b y  u s i n g  a  p r i s m  m o n o c h r o m a t o r  ( A s  1 7 0 5 0  f r o m  M / s  A n d h r a  S c i e n t i f i c  C o  
M a c h i l i p a t a n a m )  a n d  t h e  c o r r e c t i o n  o f  s p e c t r a  w a s  d o n e  b y  a  m e t h o d  p u b l i s h e d  e a r l i e r  [9 J .  
F o r  r e c o r d i n g  t r a n s m i s s i o n  s p e c t r a  a  V a r i a n  ( U V - V I S )  D M S - 1 0 0  s p e c t r o p h o t o m e t e r  w a s  
u s e d .
3. Results and discussion
3. / .  Rist and decay studies :
F i g u r e  1 s h o w s  t h e  r i s e  a n d  d e c a y  c u r v e s  o f  u n a n n e a l e d  f i l m s  o f  ( C d 0 g Z n 0 j ) S  p r e p a r e d  a t 
d i f f e r e n t  d i p p i n g  t i m e s  a t  a  b a t h  t e m p e r a t u r e  o f  7 4 ° C .  F r o m  t h i s  f i g u r e ,  i t  i s  c l e a r  t h a t  t h e  
p h o t o c u r r e n t  g o e s  o n  i n c r e a s i n g  w i t h  i n c r e a s e  i n  d i p p i n g  t i m e .  T h e  v a lu e s  o f  p h o t o - t o - d a r k  
c u r r e n t  r a t i o  ( / p c M x )  d e t e r m i n e d  f r o m  s a t u r a t e d  p h o t o c u r r e n t  f o r  t h e  f i l m s  p r e p a r e d  a t  
d i f f e r e n t  d i p p i n g  t i m e s  a r e  2.1  x  1 0 4 ( 3 0  m i n ;  / D C  =  0.1  n A ) ,  8 . 4  x  104 ( 4 5  m i n ;  IDC =
0 . 1  n A ) ,  5 . 9 x l 0 5 ( l  h ; / D C  =  0 . 1  n A ) ,  6 . 9  x  1 0 5 ( 1 . 2 5  h ; / i x ;  =  0 . 1  n A )  a n d  3  x  1 0 s ( 1 . 5  h .  
/ D C  =  0 . 3  n A ) .  T h e  r a t i o  i s  f o u n d  t o  b e  h i g h e s t  f o r  1 . 2 5  h  d i p p i n g  t i m e  a n d  t h u s  t h i s  d i p p i n g  
t i m e  w a s  p r e f e r r e d  f o r  p r e p a r i n g  t h e  f i l m s .  T h i s  h a p p e n s  b e c a u s e  o f  i n c r e a s e  i n  d a r k  c u r r e n t  
a t  f u r t h e r  h i g h e r  d i p p i n g  t i m e s .  T h e  r i s e  a n d  d e c a y  c u r v e s  o f  d i f f e r e n t  m i x e d  b a s e  s y s t e m s  
a n d  t h e  i m p u r i t y  d o p e d  s y s t e m s  w e r e  f o u n d  t o  b e  s i m i l a r  i n  n a t u r e .  T h e  v a l u e s  o f  t h e  r a t i o  
h d b c  f o r  d i f f e r e n t  s y s t e m s  w e r e  f o u n d  a s  f o l l o w s  : ( C d 0 9Z n 0 : 6 . 9 x l 0 5 , ( C d o 8Z n 0 2 )S  : 
4 . 4  x  10 * ,  ( C d o 7Z n o , ) S  : 2 . 6  x  1 0 s . ( C < * > 5Z n o . 5 ) S  : 0 . 4 8  x  1 0 5 , ( C d o . 3Z n 0 7 ) S  : 0 . 2 6  x  1 0 s . 
( C d 0 7 Z n 0 , ) S  : N a F  ( 5 . 0  m i ) ;  3 . 9  x  1 0 s , ( b e s t  v a l u e ) ,  ( C d o 7Z n o 3 ) S  : N a F  : L a  ( 2 . 5  m l )  : 
1 . 6 2  x  1 0 6 , ( b e s t  v a l u e ) .  T h e  r a t i o  i s  f o u n d  t o  d e c r e a s e  w i t h  i n c r e a s i n g  p r o p o r t i o n  o f  z i n c .  
T h e  b a n d  g a p  o f  Z n S  i s  m o r e  a s  c o m p a r e d  t o  t h a t  o f  C d S  a n d  t h e r e f o r e ,  w i t h  i n c r e a s i n g  
p r o p o r t i o n  o f  Z n  t h e  e x c i t a t i o n  u n d e r  v i s i b l e  r a d i a t i o n  b e c o m e s  le s s  p o s s i b l e  c o m p a r a t i v e l y  
w h i c h  r e s u l t s ,  i n  l o w e r i n g  o f  p h o t o c u r r e n t .  I t  w a s  a l s o  f o u n d  t h a t  t h e  f i l m  w a s  n o t  f o r m e d  
p r o p e r l y  w i t h  t h e  i n c r e a s e  i n  c o n c e n t r a t i o n  o f  z i n c  c o n t e n t .  S a t i s f a c t o r y  f i l m s  c o u l d  o n l y  b e  
o b t a i n e d  u p  t o  3 0  : 7 0  r a t i o  o f  c a d m i u m  t o  z i n c .  T h e  7 0  : 3 0  r a t i o  o f  c a d m i u m  t o  z i n c  w a s
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preferred for general studies because of satisfactorily high value of Ivc/Ioc and its band gap. 
Hie value of the ratio in the undoped system has been found to be higher compared to 
that
Figure 1. Rise and decay curves of different unannealed (Cdo ^Zno | )S 
films prepared at different dipping times (bath temperature 74°C), <f>~30 min,
®-45 min, A-l h, 0_i.25 h, #-1.5 h.
o b t a in e d  f o r  C d S  b y  e a r l i e r  w o r k e r s  a t  t h i s  p l a c e  [ 6 , 8 ] .  T h i s  m a y  b e  d u e  t o  t h e  r e a s o n  t h a t  
s a m p le s  i n  t h e  p r e s e n t  c a s e  w e r e  p r e p a r e d  a t  h i g h e r  t e m p e r a t u r e  ( 7 4 ° C ) .  P r o b a b l y  t h i s  
r e s u l t s  i n  a n i o n  v a c a n c i e s  a n d  s o  d u e  t o  a c t i o n  o f  l i g h t ,  t h e  c a t i o n s  a r e  i o n i z e d  e a s i l y  
r e s u l t i n g  i n  m o r e  c u r r e n t .  T h e  p r o p o r t i o n a t e  i n c r e a s e  i n  p r e s e n c e  o f  i m p u r i t i e s  i s  n o t  h i g h  a s  
c o m p a r e d  t o  t h e i r  o b s e r v a t i o n s  a l t h o u g h  t h e  t o t a l  i n c r e a s e  i n  t h e  p r e s e n t  c a s e  i s  h i g h e r .  T h i s  
m a y  h a p p e n  d u e  t o  c o m p e n s a t i o n  e f f e c t  o f  v a c a n c ie s  i n  p r e s e n c e  o f  i m p u r i t i e s .
D u e  t o  a n n e a l i n g  o f  f i l m s  a t  4 0 0 ° C  i n  a i r ,  t h e  h i g h e s t  v a l u e  o f  t h e  r a t i o  W / d c  w a s  
f o u n d  a t  2  m i n  o f  a n n e a l i n g .  H i g h  p h o t o s e n s i t i v i t y  i n  s u c h  c o m p o u n d s  c a n  b e  a s s o c ia t e d  
w i t h  t h e  p r e s e n c e  o f  c o m p e n s a t e d  a c c e p t o r s .  I n  o r d e r  t o  p r o v i d e  t h e s e  c o m p e n s a t e d
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d o t t e d  l i n e  i s  s h o w i n g  t h e  l i n e a r i t y ) .  A  s i m i l a r  d e p e n d e n c e  h a s  b e e n  
l i t e r a t u r e  e a r l i e r  [ 1 9 ] .
r e p o r t e d  i n  t h e
Figure 3. The plot ol or against energy (hv) for different unannealed films.
® ~ CdS’ ® ~ (C d o 7Zn0..,)S.
(Cdo.5Zno.5)S. O—(Cd03Zno7)S,
ZflS’ -----<Cd0 7zno.3^ S ■ NaF (5.0 ml).
A —  (Cdo 7Zn0 3)S : NaF (5.0 ml), La (2.5 ml).
Figure 4. Dependance of band gap energy on Zn content in (Cdi_^Znx)S films.
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A n n e a l i n g  e f f e c t  p r o d u c e s  c e r t a i n  c h a n g e s  i n  t h e  t r a n s m i s s i o n  a n d  t h e  c o r r e s p o n d i n g  
r e s u l t s  a r e  a l s o  i n c l u d e d  i n  F i g u r e  2  ( d o t t e d  l i n e s ) .  T h e  p l o t s  o f  a 2 vs hv f o r  a n n e a l e d  f i l m s  
w e r e  f o u n d  t o  b e  q u i t e  s i m i l a r  t o  t h o s e  o f  u n a n n e a l e d  f i l m s  b u t  t h e  b a n d  g a p  v a l u e s  w e r e  
f o u n d  t o  b e  d i f f e r e n t .  T h e  b a n d  g a p  v a l u e s  a r e  s u m m a r i z e d  i n  T a b l e  1 . I t  i s  f o u n d  t h a t  
t h e  b a n d  g a p  d e c r e a s e s  d u e  t o  a n n e a l i n g .  A l s o ,  d u e  t o  i n c o r p o r a t i o n  o f  i m p u r i t i e s  N a F  a n d
Tabic 1. Values of band gap energies for unannealed and annealed CdS and (Cd]_*Ziv,)S films 
(temp, of deposition 74°C and time of deposition 1.25 h).
SI.
No.
System Conditions Band gap energy (eV)
From excita­ From trans­
tion spectra mission spectra
1 CdS Unannealed 2.38-2.41 2 44
Annealed 2.34 2.36
2 (Cd0.7Zno3)S Unannealcd 2.48 2.50
Annealed 2.36 2 33
3. (Cdo.5Zn0.5)S Unannealed 2.64 2.62
Annealed 2.50 2.52
4. (Cdo.3Zno7>S Unannealcd 2.69 3 14
Annealed 2.48-2.50 2.98
5. ZnS Unannealed — 3.74
Annealed — 3 72
6 (Cd07Zn0 3)S ■ Unannealcd 2 38 -2  36 2.30
NaF (5.0 ml) Annealed 2.36-2.34 2 27
7. (Cdo7Zno.3)S : Unannealed 2.43-2 48 2.42
NaF (5.0 ml). 
Lanthanum 
nitrate (2.5 ml)
Annealed 2 38 2.35
l a n t h a n u m ,  t h e  t r a n s m i s s i o n  i s  a g a i n  a f f e c t e d  a n d  c o r r e s p o n d i n g  r e s u l t s  a r e  a l s o  i n c l u d e d  i n  
f  i g u r e  2  T h e  o? vs hv p l o t s  f o r  t h i s  c a s e  a r e  p r e s e n t e d  i n  F i g u r e  3 .  T h e  b a n d  g a p  v a l u e s  a r e  
m e n t i o n e d  i n  T a b l e  1 .  I n  t h e s e  c a s e s  a l s o  b a n d  g a p s  d e c r e a s e  s l i g h t l y .  T h e  c h a n g e  i n  b a n d  
g a p  i s  r e l a t e d  t o  t h e  s i z e  d i f f e r e n c e  o f  t h e  i m p u r i t i e s  a s  c o m p a r e d  t o  t h o s e  o f  h o s t  i o n s .  D u e  
t o  a n n e a l i n g  m o r e  i o n s  m a y  b e  c o n s i d e r e d  t o  b e  s u b s t i t u t e d  w h i c h  r e s u l t s  i n  d e c r e a s e  i n  
b a n d  g a p s .
T h e  e x c i t a t i o n  s p e c t r a  o f  s o m e  s e l e c t e d  f i l m s  u n d e r  a n n e a l e d  c o n d i t i o n s  a r e  
s h o w n  i n  F i g u r e  5 .  T h e  e n e r g y  c o r r e s p o n d i n g  t o  t h e  p e a k  v a lu e s  a r e  s u m m a r i z e d  i n  T a b l e  1 .  
T h e  p e a k  e n e r g i e s  o b t a i n e d  f r o m  e x c i t a t i o n  s p e c t r a l  s t u d i e s  f o r  d i f f e r e n t  f i l m s  e x c e p t  t h a t  
o f  ( C d 0 .3Z n o 7 ) S ,  a r e  f o u n d  t o  b e  q u i t e  c l o s e  t o  t h o s e  o b t a i n e d  f r o m  t r a n s m i s s i o n  
s p e c t r a l  s t u d i e s .  F r o m  b o t h  s t u d i e s ,  i t  i s  o b s e r v e d  t h a t  d u e  t o  a n n e a l i n g  t h e  b a n d  g a p
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d e c r e a s e s .  F u r t h e r  d u e  t o  i n c o r p o r a t i o n  o f  i m p u r i t i e s ,  t h e  b a n d  g a p  i s  a l s o  n o r m a l l y  f o u n d  
t o  d e c r e a s e .
Figure 5. Excitation spectra of annealed CdS and different (Cd j. *Zn V)S films 
® —  CdS, <8> —  (Cdo 7Zn0 3)S,
A —  (Cd0.5 Zn0.5 )S, D — (Cd0 3Zn0 7)S,
-< j----- (Cd0.7Zn0 3)S : NaF (5.0 ml),
A  —  (Cdo 7Zno.3 >S : NaF (5.0 ml), La (2.5 ml).
3.4. SEM and XRD studies :
T h e  S E M  m i c r o g r a p h  o f  ( C d - Z n ) S  : N a F ,  L a  i s  s h o w n  i n  F i g u r e  6 . I t  c o n s i s t s  o f  a n  u n i f o r m  
d i s t r i b u t i o n  a l o n g  w i t h  c a b b a g e  t y p e  f o r m a t i o n  w h i c h  m a y  b e  d u e  t o  t h e  l a y e r e d  g r o w t h  
[ 2 0 ]  o r  m u l t i p l e  n u c l e a t i o n  [ 2 1 ] .  A s  r e p o r t e d  e a r l i e r  [ 2 1 ]  a  c o m b i n a t i o n  o f  h e x a g o n a l  a n d  
c u b i c  s t r u c t u r e s  a r e  f o u n d .  D i f f r a c t i o n  p e a k s  c o r r e s p o n d i n g  t o  ( 1 0 0  h ) ,  ( 0 0 2  h ) ,  (1 0 1  h ) .  
( 2 0 0  c ) ,  ( 2 2 0  c )  a n d  ( 2 0 0  h )  o f  C d S  a l o n g  w i t h  t w o  p e a k s  d u e  t o  Z n S  ( 1 0 3  h  a n d  2 0 0  c )  
a n d  o n e  p e a k  d u e  t o  e a c h  L a ,  L a ( N 0 3 ) 3 , N a F ,  Z n 0 / Z n S 0 4 . 7 H 2 0  a n d  Y - C d ( O H ) 2 h a v e  
b e e n  f o u n d .
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P la te  1
Figure 6. SEM micrographs of (Cd-Zn)S : NaF (5.0 ml), La (2.5 ml) at 2500jc.
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